RNA displacement loop patterns in intact herpes simplex virus DNA and herpes simplex virus DNA restriction fragments indicate that viral RNA associated with polyribosomes early after infection is transcribed from three major areas of the genome. One area of early transcription is in the short segment of the viral DNA and is roughly delineated by the inverted repeat sequences bounding this segment. The other two areas of early mRNA transcription map in the long segment. Each of the three major areas of early mRNA transcription can be further resolved into several regions of frequent looping bordered by regions in which RNA displacement loops are rare. These regions range in size from about 1.5 kilobases to about 9 kilobases with a mean size of about 3.5 kilobases. Although the data do not allow precise assignment of individual early gene locations, it is seen, even at the lowest level of resolution, that the early genes are not completely contiguous but are distributed along the length of the herpes simplex type 1 viral genome.
RNA displacement loop patterns in intact herpes simplex virus DNA and herpes simplex virus DNA restriction fragments indicate that viral RNA associated with polyribosomes early after infection is transcribed from three major areas of the genome. One area of early transcription is in the short segment of the viral DNA and is roughly delineated by the inverted repeat sequences bounding this segment. The other two areas of early mRNA transcription map in the long segment. Each of the three major areas of early mRNA transcription can be further resolved into several regions of frequent looping bordered by regions in which RNA displacement loops are rare. These regions range in size from about 1.5 kilobases to about 9 kilobases with a mean size of about 3.5 kilobases. Although the data do not allow precise assignment of individual early gene locations, it is seen, even at the lowest level of resolution, that the early genes are not completely contiguous but are distributed along the length of the herpes simplex type 1 viral genome.
The expression of herpes simplex virus type 1 (HSV-1) during productive infection is temporally regulated (14, 25, 26, 29) . The factors governing the control of HSV-1 gene expression are largely unknown. An important consideration in studying such factors is a knowledge of the arrangement of coordinately expressed viral genes. Prior to viral DNA synthesis (early), two classes of viral RNA, differing in abundance by at least 10-fold, are present on polyribosomes. The abundant class of early RNA is homologous to 20 to 25% of the viral DNA sequences, and contains two components, "a" or "immediate early" RNA, and ",B" or "delayed early" RNA. These components are experimentally distinguishable by the fact that a or immediate early HSVspecific RNA is found in the cytoplasm in cells treated with cycloheximide during infection, while the ,B, delayed early RNA is not (6, 9, 14, 26, 29) . The amount of the DNA homologous to a-immediate early HSV-specific RNA has been reported to be in the range of 10 to 15%, i.e., half or less of the total early RNA (14) .
The low-abundance class of viral RNA found in cells prior to viral DNA replication is homologous to a further 20 to 30% of HSV DNA (14, 25, 26, 29) . This class of HSV RNA is present at much higher concentrations following viral DNA replication and is the "y" or "late" viral RNA encoding structural proteins (12, 14, 25, 26, 29) .
There are two fundamentally different techniques for mapping viral transcripts onto viral genomes. The first involves hybridizing viral RNA to restriction endonuclease fragments using either solution hybridization or the blot method of Southern (22) . The second technique, termed RNA displacement loop (R-loop) mapping (27) , utilizes the electron microscope to directly visualize loops formed in duplex DNA through displacement of one DNA strand by RNA molecules homologous to the other DNA strand.
Both methods offer their own unique advantages. Hybridization to restriction fragments offers relative speed and, at least potentially, quantitation of the abundance of classes of RNA transcripts homologous to the fragment in question. R-looping can be utilized at high resolution to visualize individual transcripts, the direction of the transcripts on the DNA, and unusual structures such as "spliced" mRNA reported in adenovirus and simian virus 40 (2, 4, 5, (15) (16) (17) . R-looping at moderate resolution can resolve areas of transcriptional activity and its absence within regions of the genome unresolved by restriction endonuclease cuts. Together, the methods provide complementary, as well as reinforcing, information concerning the transcriptional activity of viral genomes. Both have been used to resolve transcriptional maps of the adenovirus and simian virus 40 genomes (1, 5, 15) .
Biochemical mapping by hybridization to restriction fragments has been used to locate aimmediate early HSV transcripts. These studies show that the a-immediate early genes are not Voil. 27, 1978 contiguous in the viral genome (6, 13) . Since total early HSV RNA has been shown to hybridize to every restriction fragment examined (6) , there has been no definition in the total early RNA transcription map. We have applied the R-loop mapping technique to determine the arrangement of the genes coding for total early HSV-1 mRNA. The data presented in this report provide a moderate-resolution map of total early HSV-1 transcripts which demonstrates areas of high, moderate, and low or no transcriptional activity.
MATERIALS AND METHODS Celis and virus. HeLa cells were grown in monolayer culture in Eagle minimal essential medium (8) with Earle salts, 10% calf serum, and no antibiotics. Growth conditions and assay for mycoplasmic contamination were as described (24, 29) . The KOS strain of HSV-1 was a gift from G. Cohen at the University of Pennsylvania. Virus was grown in HeLa cells at a multiplicity of infection of 0.1 PFU per cell and routinely plaque purified after four to six passages as described (31) .
RNA. Cells were infected at a multiplicity of 30 PFU per cell using conditions described previously (25, 26) . Time after infection was measured after virus absorption (0.5 h). Cells were harvested at 3 h after infection.
Details of cell fractionation, polyribosome isolation, and polyadenylated RNA purification were as described (23) . Briefly, the procedure applied the magnesium ion precipitation method of Palmiter (19) to obtain polyribosomes. The Mg2+-precipitated polyribosome pellet was suspended in 0.01 M NaCl-0.01 M Tris-0.0045 M MgCl2, pH 7.4 (RSB), and briefly digested at room temperature with 200,g of electrophoretically purified DNase (Sigma Chemicals, St. Louis, Mo.) per ml. RNA was extracted from the polyribosome fraction by proteinase K (Merck Pharmaceuticals, Elmsford, N.Y.) digestion, followed by phenol extraction as described (23) . Radioactive RNA was prepared as above, but cells were labeled from 2 to 3 h after infection with 15 ,uCi of [3H]uridine per ml (27 Ci/mmol; Schwarz Bio Research, Inc., Orangeburg, N.J.).
DNA. HSV DNA was prepared both as a reagent to be used in the isolation of HSV RNA and as intact genome-size molecules for restriction and R-loop analysis. Partially purified virions were obtained from infected cell homogenates by equilibrium centrifugation in a discontinuous sucrose gradient as described (28, 30, 31) . DNA for preparative hybridization of HSV RNA was prepared from the partially purified virions as described and assayed for purity by analytical isopycnic centrifugation (23, 30) .
For isolation of intact HSV DNA molecules, partially purified virions (30, 31) 500 ,ug of proteinase K per ml in the presence of 0.5% sodium dodecyl sulfate at 37°C for 20 min, followed by phenol extraction.
Hybrids were separated from unhybridized RNA by gel filtration on Sephadex G-100 (Pharmacia, Uppsala, Sweden). A G-100 column (1.5 by 50 cm), equilibrated in 0.1 M NaCl-0.01 M Tris-0.001 M EDTA (pH 7.4), was loaded with the aqueous phase from phenol extraction, and 1-ml fractions were collected. Hybrid RNA (15% of the total 3H radioactivity) eluted in the void volume well before any 32P-labeled rRNA. Fractions containing hybrids were pooled and ethanol precipitated. The precipitated hybrids were suspended in 80% formamide and 0.2 M NaCl-0.02 Tris-0.001 M EDTA (pH 7.4) and denatured by heating at 72°C for 10 min. Formamide was removed by passage over a Sephadex G-25 column equilibrated in 0.01 M NaCl-0.01 M Tris-0.0045 M MgCl2 (pH 7.4), and the DNA was digested at 370C for 5 min with 100 Mg of electrophoretically purified DNase I per ml. The mixture was then made 0.5% sodium dodecyl sulfate 0.005 M EDTA, phenol extracted, and passed over a Sephadex G-100 column equilibrated in 0.1 M NaCl-0.01 M Tris and 0.001 M EDTA (pH 7.4). Excluded RNA was collected and ethanol precipitated. RNA obtained by this method had a specific radioactivity of approximately 50,000 cpm/yg and was free of 32P-labeled rRNA. Electron microscopy showed no evidence of DNA contamination. Rehybridization of RNA using DNA excess hybridization (23) DNA units were scored as intact viral genomes and normalized to a standard length (28 4XRFII DNA units). HSV DNA restriction fragments which fell within 5% of the mean molecular length for that fragment were considered full size and were normalized to the mean length. The mean lengths of the restriction fragments analyzed agreed quite closely with those expected from analysis on agarose gels. RESULTS R-loop reaction. When duplex DNA is incubated with homologous RNA in high concentrations of formamide, RNA can hybridize to its complementary sequence in the DNA, thereby displacing the other DNA strand and forming an R-loop. R-loops form because RNA:DNA hybrids are more stable than DNA duplexes in high-formamide solvents (3, 27) . The rate of the R-loop reaction is strongly dependent on the incubation temperature, proceeding fastest near the melting temperature of the DNA duplex (27) . The Tm for HSV-1 DNA under our hybridization conditions was 570C, as deternined by analysis with Si endonuclease. Our hybridizations were perforned at 560C.
Voi.. 27, 1978 R-loops formed in the viral DNA upon incubation with either total infected HeLa cell polyribosomal RNA, polyadenylated infected HeLa cell polyribosomal RNA, or HSV RNA purified by preparative hybridization. The high concentration of total infected cell polyribosomal RNA required to form R-loops in HSV DNA severely impaired the visualization of the DNA. Most of the data presented here are therefore derived from DNA molecules hybridized with purified HSV RNA or with polyadenylated RNA. R-loops on representative intact HSV DNA molecules are shown in Fig. 1A . Representative R-loops showing good contrast between the double-stranded DNA:RNA duplex and the displaced single-stranded DNA are shown in Fig. 1B .
The R-loop reaction is absolutely specific for viral RNA. No loops occurred when viral DNA was incubated alone (Fig. 1C) (11, 20) . This property of the HSV genome precluded a simple best-fit R-loop alignment orientation procedure, and it was therefore necessary to determine the R-loop patterns of defined regions of the DNA to aid in orienting intact R-looped HSV DNA. Due to the technical difficulties of handling molecules the size of HSV DNA, we have found it impracticable to work with molecules Rlooped in a large portion of their length. Therefore, we have examined a large number of intact HSV DNA molecules bearing a limited number of R-loops per molecule. Since only molecules bearing a limited number of R-loops per molecule could be obtained in good yield, it was best to employ regions devoid of R-loops as orientation aids. Regions of the genome which are infrequently R-looped by early polyribosomal RNA were revealed by (i) analysis of the R-loop frequency distribution of a randomly arranged population of intact HSV DNA molecules and (ii) the R-loop patterns on positionally defined restriction fragments of viral DNA.
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Random-order R-loop pattern. The frequency distribution of R-loops in 51 intact HSV DNA molecules, lined up without regard to orientation, is shown in Fig. 3 . As expected, the histogram is complex and shows symmetry around the middle of the distribution. Because of the internal rearrangements in HSV DNA, most positions in the random-order histogram represent four different physical loci on the DNA (see Fig. 4) ; therefore, the absence or presence of R-loops at most DNA loci is difficult to ascertain from the random-order histogram. The center of the histogram is an exception because only two physical loci on the DNA contribute to this region of the histogram. Since there is a low level of R-loops around the center of the random-order histogram, R-loops must be rare or absent at the two loci in the DNA which contribute to this region of the histogram. Inspection of Fig. 4 shows that the two DNA loci which will contribute to the center of the random-order histogram occur at 30 and 50% of the genome length in from the long-segment end of the DNA.
R-loops in selected HSV DNA restriction fragments. As discussed in Materials and Methods, the HinduI, Xba I, and EcoRI restriction sites in the DNA of the HSV-1 (KOS) line used in these experiments are the same as those published for HSV-1 (KOS) by Skare and Summers (21) except for a missing HindIII cleavage site between fragments I and 0 (Fig. 5) . Three Xba I restriction fragments, A, F, and G, were selected for R-loop analysis. These fragments account for 58% of the DNA and can be obtained as single bands on agarose gels. As seen in Fig.  5 , these fragments cover the distal 8% of the long segment of the HSV-1 genome (fragment G); a segment 16% of the genome in length near the center of the long segment (fragment F); and the terminal 36% of the HSV-1 genome, encompassing both arrangements of the short segment of the molecule (fragment A). Selected fragments bearing R-loops are shown in Fig. 6 . Individual molecular histograms for 25 molecules of each of these fragments are shown in Fig. 7A . A composite histogram of R-loops of these fragments corresponding to their position on the intact HSV-1 genome is shown in Fig. 7B .
Inspection of selected individual A fragments (Fig. 7A) showed that loops may occur on both ends of an individual fragment but are rare near the center. Since any arrangement of A fragments will produce a semi-symmetrical histogram, the orientation problem is obviated. On the other hand, since loops do not occur on both ends of every A fragment, the lack of any alignment criteria means the relative peak heights somewhat arbitrary. The A fragments in Fig. 7A have been aligned to produce approximately equivalent R-loop frequencies at both ends of the histogram section corresponding to fragment A (Fig. 7B) . Xba I fragments F and G both showed extensive R-looping and could not be unambiguously oriented to produce unique distributions. Therefore, in orienting R-loop patterns of intact molecules fragments F and G were utilized only to the extent that they established extensive Rlooping in the region of the genome represented by these fragments.
Orientation of R-looped intact HSV DNA. The R-loop pattern of Xba I fragment A unambiguously established a high incidence of R- loops in DNA located on either side of the long segment-short segment junction and very low levels of R-looping in the region of the joint itself (Fig. 7B) . Analysis of the fragment, therefore, revealed a defined non-R-looped region in the DNA, which could be used to orient intact Rlooped HSV DNA.
The existence of at least one large region in which R-loops are scarce in the long segment of the DNA was suggested by the random-order . 4 J. vilml'. (21) . The sites of the HSV-1 (KOS) strain used here are identical with those described by these authors except for the lack of a HindIII site between fragments I and 0; the resulting combined fragment is termed "HIO" (see the text).
histogram. This histogram showed R-loops to be scarce in DNA loci mapping approximately 30 and/or 50% in from the long-segment end. Since Xba I fragment F could be oriented to produce a non-R-looped region between 40 and 45% in from the long-segment end, and since no early polypeptides have been found to map 
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MAPPl'ING EARLY HSV-1 T'RANSCRIPTS 67 the long-segment end of the molecule to be largely devoid of R-loops. The validity of this assumption was ascertained from the results of orientation operations based on the assumption as discussed further below. If the orientation of the short segment of the HSV-1 genome is ignored, full-length HSV DNA molecules can be arranged into two orders corresponding to the two possible orientations of the long segment of the genome. These prototypical arrangements are shown in Fig. 5 as order 1 and order 2. We undertook to sort out Rlooped intact HSV DNA molecules with regard to the orientation of the long segment on the basis of (i) the R-loop distribution in the region of the DNA represented by Xba I fragment A and (ii) the strong suggestion of a lack of Rlooping in a region near the middle of a prototypical arrangement of the HSV DNA molecule. A rarely R-looped region near the joint is expected to occur in all intact HSV DNA molecules, since the sequences near the long segmentshort segment joint are the same regardless of the relative orientations of the two DNA segments. The region of low R-looping which appeared to be near the middle of a prototypical arrangement of the HSV DNA molecule would, in any given molecule, occur on either side of the center of rotation of the long segment, i.e., from 45 to 50% for order 1 molecules and from 30 to 35% for order 2 molecules.
Molecules were screened and preliminarily assigned to either order 1 or order 2 on the basis of their fit to templates which designated a lack of R-loops in the regions of the DNA described above. R-loop distribution histograms of the two populations were prepared and juxtaposed so that the regions in the histograms representing the DNA molecule long segments were colinearly aligned. The success of the preliminary assignments of molecules to order 1 or 2 was determined by inspection of juxtaposed histograms for mirror-image symmetry. The symmetry was strong but could be improved by realigning molecules which could be oriented in more than one way on the basis of the original template trial. The final assignment of HSV-1 molecules into orders 1 and 2 is shown in Fig. 8 . Histograms of the R-loop frequency in these molecules are shown in Fig. 9 . The existence of well-defined mirror symmetry in Fig. 9 indicates that the template-aided orientation procedure has successfully sorted out the different genome arrangements and oriented these groups of molecules with respect to the long and short segments of the DNA. The histograms display maximum symmetry when the internal end of the long segment is placed 18% in from the shortsegment end. This location of the joint between the long and short DNA segments is in good agreement with direct measurements of the joint position (11, 20) .
R-loop map of the early genes of HSV-1 (KOS) determined from restriction fragments. The distributions of R-loops produced in seven restriction fragments were determined to confirm the R-loop data obtained with intact molecules. Fragments were chosen to cover as much of the HSV-1 genome as possible. HindIII fragments A, 1-0, J, K, and L and Xba I fragments A and G were used. As seen in Fig. 5 , these fragments together represent 99% of the HSV-1 genome.
All fragments with the exception of HindIII A run as single-component bands on agarose gels. HindIII fragment A is a molar fragment which comigrates on agarose gels with a quarter-molar fragment, HindIII fragment B. Preparations of HindIII fragment A are therefore 80% pure. Analysis of 30 R-looped fragments showed 25 fragments which fit a pattern consistent with that expected from analysis of (i) an overlapping restriction fragment, Xba F, and (ii) intact HSV DNA molecules. The five HindIII fragments in which R-loops occurred in arrangements different from the other 25 were designated as HindIII fragment B and were not included in the composite histogram shown in Fig. 10 . Xba I fragments A and G were aligned as they were in Fig.  7B . The HindIII fragments were aligned to best fit the loop distribution obtained from intact DNA in order 1 (Fig. 9) .
Since only fragments which contained R-loops were scored when restriction fragment R-loop patterns were determined, the relative peak heights between fragments are not indicative of the relative heights of corresponding peaks in the histogram derived from intact DNA. Therefore, the composite histogram of R-loop frequency on the HSV-1 genome shown in Fig. 10 may only be compared with that for full-length corresponding to the order 1 non-R-looped remolecules of order 1 ( Fig. 9 ) with respect to the gion mapping from 45 to 50% in Fig. 9 . general pattern of peaks and gaps, not with DISCUSSION respect to relative peak heights. The general patterns are comparable. It is most significant
We have obtained histograms detailing the that HindIlI fragment A can be oriented to frequency distribution along the length of a proproduce an R-loop frequency distribution which totypical arrangement of the HSV genome of Rshows a lack of R-loops in the region of DNA loops formed by polyribosomal RNA isolated 25 individual molecules ofeach fragment were analyzed as described in the legend to Fig. 6 and in the text. Data derived from the R-loop distribution ofXba I fragments A and G and HindIII fragments A, J, IO, K, and L, were combined to form the composite distribution. The boundaries of the fragments are indicated by the solid lines. The joint region between the short and long segments is at a position near or at 82% genome length.
early after infection ( Fig. 9 and 10 ). The alignment of intact R-looped HSV DNA was accomplished by an iterative, subjective procedure aided by templates which designated regions of the DNA in which R-loops are rare. These templates were constructed on the basis of (i) information unambiguously derived from analysis of restriction fragments and (ii) the inference from the random-order R-loop distribution that a second non-R-looped region existed near the middle of the prototypical arrangement of the HSV DNA molecule. The success of this approach to categorizing and aligning the different arrangements of R-looped HSV DNA molecules was established by three criteria: (i) the R-loop histograms of the two orders of HSV-1 molecule show mirror-image symmetry when the histograms are aligned so that regions corresponding to the DNA long segments of each order are colinear (Fig. 9); (ii) the junction between the long and short DNA segments can be accurately located by analysis of the symmetry; and (iii) the R-loop distribution of a prototypical arrangement of HSV DNA can be reproduced by analysis of R-loops generated on restriction fragments which unambiguously represent defined portions of the DNA (Fig. 10) .
Our specific aim in this study is to determine the arrangement of early viral genes from the position of R-loops. In a qualitative sense, the positions of early genes are delineated by the general pattern of peaks in the R-loop histogram. However, there are several factors which complicate the interpretation of R-loop histograms. First, relative peak heights in an R-loop histogram are a function of more than the relative concentrations of different RNA species in the reaction mixture. The rate of R-loop formation at any one site depends solely on the concentration of complementary RNA (27) ; but the relative rates of R-loop formation at different sites are dependent not only on the relative concentrations of the two complementary RNA species, but also on their base composition. The rate of R-loop formation declines rapidly as the reaction temperature deviates from the Tm of the sequence. Sites which differ by 6% in guanine plus cytosine (G+C) content will exhibit a twofold difference in R-loop levels even though the concentrations of their complementary RNAs are the same (27) . Thus, the relative peak heights in Fig. 9 cannot be interpreted as completely indicative of the relative abundance of different viral RNA species. Around 90% of early viral RNA isolated from polyribosomes hybridizes to viral DNA with single-component kinetics (23) . Since RNA classes that differ two-to threefold in abundance would have exhibited readily detectable multicomponent hybridization kinetics (25) , the two-to threefold differ-ences in the major R-loop peak heights seen in Fig. 9 are probably primarily due to differences in base composition and not to differences in RNA species abundance.
While base composition can definitely influence R-loop frequencies, its effect is insufficient to explain all the gaps and areas of rare R-loops which appear in the R-loop histogram. This conclusion is based on the following. (i) Not all regions of the HSV genome with higher than average G+C content exhibit low R-loop frequencies. Comparison of Fig. 9 with partial denaturation maps of HSV DNA (7, 10) reveals that while some high-G+C regions exhibit a low frequency of R-looping, R-loops occur at high frequency in the high-melting regions at 5 and 67% of the genome length. (ii) The region without R-loops which extends from 43 to 50% of the genome length in Fig. 9 includes low-melting as well as high-melting sequences (7) . (iii) Russell and Wilkie (personal communication) have recently directly determined the G+C content of many HSV-1 DNA restriction fragments by nearest-neighbor analysis. The DNA fragment corresponding to the region running from 46 to 50% of the genome length lacks R-loops (Fig. 9) , but exceeds the average G+C content of HSV-1 DNA by only 2%. According to the data of Thomas et al. (27) , if significant amounts of RNA complementary to this region of the HSV-1 genome were present on polyribosomes early after infection, we would expect to see 70% as many R-loops in this region as occur in sequences containing the average amount of G+C for HSV-1 DNA.
There is, however, one region of HSV-1 DNA lacking R-loops in which G+C content may be a significant factor. Nearest-neighbor analysis (Russell and Wilkie, personal communication) has shown the repeated sequences which bound the short unique segment to contain the highest amount of G+C in the HSV-1 genome, 72.8%. The data of Thomas et al. (27) predict that, if complementary RNA concentrations were equal, R-loops in the repeated sequences of the short segment would be 30% as high as the frequency of R-loops formed in sequences containing the average amount of G+C for HSV-1 DNA. Therefore, R-loops in the short-segment repeated sequences may not accurately reflect the amount of early mRNA transcribed from this part of the viral genome.
Just as R-loop histogram peak heights must be interpreted as a function of multiple factors, R-loop histogram peak widths must be interpreted in the light of the following considerations. The major component of early viral mRNA is homologous to 20 to 25% of the viral DNA, with the best value on the order of 22 to 23% (23, 25) . Since the length of duplex DNA involved in R-loops should be twice the amount of viral DNA driven into hybrid by early RNA, this RNA should produce a histogram with major R-loop peaks covering 40 to 50% of its length. However, measurement inaccuracies tend to broaden R-loop peaks and increase the portion of the histogram covered by R-loops. The primary source of measurement inaccuracies in these experiments is the length uncertainty inherent in working with large linear DNA molecules. A population of linear DNA molecules will exhibit a range of lengths, even in reference to internal length standards. Since there is no absolute length criterion, molecules falling within a narrow range of lengths are accepted a full size. HSV-1 (KOS) DNA has a mean molecular length of 28.1 ± 0.7 4XRFII DNA units (30) . In this study, we have accepted as intact any molecule measuring between 27 and 29 4XRFII
DNA units. Most of these molecules were intact HSV genomes, and any variation in length was corrected by normalization to a standard size. However, some of the molecules accepted as full size may in fact contain less than a full HSV genome. The R-loops in these molecules will be laterally displaced from their true positions, thereby tending to broaden the peaks in the Rloop histogram.
The degree to which measuring inaccuracies broaden R-loop peak widths can be estimated from R-loop studies on adenovirus hexon messenger RNA. The size of R-loops produced by purified hexon message is known (2) . Individual R-loop sizes correlate well with the size of the message, but the peak in the R-loop histogram corresponding to the hexon gene is two times wider than the hexon message when the peak is measured at the abscissa. The hexon peak width is equal to that expected from the hexon R-loop size when the peak is measured at one-third its height (17) . It is therefore reasonable to regard the peak widths at one-third their heights as a more accurate measure of the amount of the genome represented as R-loops than the peak widths at the histogram abscissa.
When the peak widths of the order 1 or order 2 molecules of HSV-1 in Fig. 9 are measured at one-third peak height, the total amount of the genome represented as R-loops is about 50% of the length of the HSV-1 genome. This may be a high estimate of the actual length of the genome able to form R-loops with the major component of early polyribosomal RNA, since the width of the R-loop peak in the short segment is inflated by the short segment being represented in both its possible orientations. With this qualification, the extent of the HSV-1 genome forming Rloops with the high-concentration class of early Apart from a loss of resolution, the factors that complicate the interpretation of R-loop data in quantitative terms do not influence the qualitative significance of the data. The resolution reported here is sufficient to establish the distribution of early viral genes and to suggest their specific locations. The patterns generated by R-looping intact HSV DNA with polyribosome-associated viral RNA present early after infection indicate that this class of viral mRNA is transcribed from genes distributed through the genome.
In the short segment of the R-loop histogram, there appears a single peak which is roughly symmetrical about the center of the short segment and extends slightly into the inverted repeat sequences which bound this part of the DNA. This symmetry is expected, since we have not discriminated between different orientations of the short segment. It is apparent that the unique sequences in the short segment are extensively transcribed. Since we are not dealing with a single orientation of the short segment, the R-loop histogram does not reveal the details of the distribution of the early genes in this segment. However, we can infer from analysis of the individual molecules shown in Fig. 8 that the early genes in the unique sequences of the short segment are not completely confined to one end of the segment, but are distributed across its length.
The distribution of R-loop peaks in the long segment of the DNA is complex. At the lowest level of resolution, the segment is divisible into two large areas of transcriptional activity. These regions span the length of the long segment, indicating that the early genes which occur in this segment are distributed along its length and are not completely contiguous. The resolution of the long-segment R-loop pattern is increased if the pattern is examined at one-third the individual peak heights or if loops occurring in only one molecule (4%) are considered a "background" ,1. Vilmlwo.
level. Several large R-loop peaks are discernible, two of which fall in the long-segment repeated sequences while the rest occur in the unique part of the long segment. Some of these peaks probably represent more than one early gene, since they are much larger than the average viral message size, which is 20S, corresponding to 2,000 nucleotides in length (18, 23) . Although the early genes are clearly not completely contiguous, they may be clustered in groups. Broad R-loop peaks may indicate where tightly clustered early genes occur.
The R-loop data of Fig. 9 are interpreted in Fig. 11 as an early transcription map of the prototypical order 1 of HSV DNA. Fourteen regions of the DNA are R-looped at relatively high frequencies. These regions represent 35% of the total DNA length; R-loops occur with moderate frequency in regions representing an additional 15% of the HSV-1 DNA length. Of the 50% of the DNA length in which R-loops are infrequent, 35% show some R-looping and 15% show no R-loops at all. Some of the contributions to the regions with low numbers of loops are due to positional uncertainties, while others may well be a result of the low-concentration species of viral RNA found early which hybridizes to more viral DNA than does the major component of early RNA.
While the transcription map in Fig. 11 does not resolve the locations of individual early genes, it definitely differentiates regions of the DNA that are not represented as major components of early mRNA from regions of DNA that are represented as early mRNA in high abundance. As a moderate-resolution transcription map, then, R-looping definitely establishes that the early genes are scattered about the genome. This conclusion agrees with results obtained by liquid hybridization of a subset of the total early viral transcripts (a HSV RNA) to different restriction fragments (13) . Furthermore, Clements and co-workers (6), using the blot hybridization technqiues of Southern (22) 
